ABSTRACT: One of the limitations for reaching sustainable forest development is related to the traffic of machines and vehicles during harvest operations and wood transport, which may cause soil structure degradation. Seeking a way to analyze this problem, the objective of this study was to determine the traffic effects due to harvest operations and wood transport, on the preconsolidation pressure (σ p ) in a Typic Acrustox cultivated with eucalyptus. This study was conducted using undisturbed soil samples collected at the 0.1-0.125 m depth. Undisturbed soil samples were used in the uniaxial compression tests. Soil sampling consisted of two stages, before and after the mechanized harvest operations. The traffic effects on the σ p in the dry season indicated that the soil compaction process was neither evident nor important. However, in the rainy season the traffic effects on the σ p indicated that the operations performed with Harvester and Forwarder caused greater soil compaction than those with Motorized Saw and Manual, which caused less soil compaction. Key words: forest soil compaction, soil structure, uniaxial compression test
INTRODUCTION
Soil compaction has been identified as one of the major problems causing soil degradation (Canillas & Salokhe, 2002 . Thus, one of the limitations for reaching sustainable forest development is related to the traffic of machines and vehicles during the harvest operations and wood transport, which may cause soil compaction (Dias Junior et al., 1999) . Soil compaction can occur due to the fact that during mechanized operations, there is neither control of the soil moisture nor of the soil bearing capacity. This situation can become more critical due to the indiscriminate traffic in the area which can result in enhanced soil compaction spread over years causing, as a consequence, a reduction of the productivity (Dias Junior et al., 1999) .
Soil compaction susceptibility may limit the execution of mechanized operations under wet conditions (Dias Junior et al., 2002 , Arvidsson, 2003 . Thus, it becomes important to determine the soil moisture at which it can be submitted to harvest operations and wood transport, as well as, to quantify damages caused to soil structure, when the applied pressures exceed soil bearing capacity (Dias Junior & Pierce, 1996) . Therefore, the sustainable forest development is related to the traffic of the harvest operations and wood transport , and the scheduling of this traffic would contribute to minimize soil compaction and consequently, the losses of productivity of areas under intense traffic.
Considering that the preconsolidation pressure is an indicator of soil strength (Arvidsson, 2001 , Horn & Fleige, 2003 and of the maximum pressure that should be applied to a soil in order to avoid soil compaction (Gupta et al., 1989; Lebert & Horn, 1991; Defossez & Richard, 2002) , the objective of this study was to determine the traffic effects of harvest operations and wood transport through the preconsolidation pressure determined for a Typic Acrustox during the harvest of an eucalyptus plantation.
MATERIAL AND METHODS
This study was carried out in experimental areas cultivated with eucalyptus located in Peçanha (Buriti, Dourado and São Leonardo Projects) 42°33'45" W; 18°32'44" S, Sabinópolis (Imbaúbas Project) 43°04'55" W; 18°39'59" S, Guanhães (Aeroporto Project), Belo Oriente (Água Suja encosta, Água Suja baixada, Cajá encosta, Cajá baixada Projects) 42°56'04" W; 18°46'30" S and Santa Bárbara (Carlos Hosken encosta Project) 43°24'47" W; 19°57'39" S, Counties, MG, Brazil. Soils at all sites were classified as Typic Acrustox (Soil Taxonomy) or Orthic Ferralsol (FAO). Textural classes are presented in Table 1 .
The areas in this study were at the end of the first cultivation cycle with eucalyptus. The tree ages were 7.0 years in the Imbaúbas, Cajá Baixada, Cajá Encosta Projects, 8.0 years in the Água Suja baixada, Água Suja Encosta and Carlos Hosken Projects, 9.6 years in the Buriti Project, 10.6 years in the Dourado Project, 12.6 years in the São Leonardo Project, and 15.2 years in the Aeroporto Project.
Machines used for forest harvest operations and wood transport were: Feller Büncher, model 2618 with tracks, applied pressure P = 45 kPa, and Skidder (Tires 30.5L.32) with tires 4 × 4, model 460, P = 115 kPa; Harvester with tires 6 × 6 model 1270, P = 70 kPa, and Forwarder with tires 8 × 8, model 1710, P = 105 kPa, Clambunk model 1710, P = 60 kPa. The applied pressures P were extracted from the machine operation manuals. Soil sampling consisted of two stages:
Before harvest operations
To obtain the bearing capacity model, undisturbed soil samples (0.064 m of diameter and 0.0254 m of height) were collected at 0.10-0.125 m depth, summing up thirtysix samples for projects: Buriti, Dourado and São Leonardo, forty-eight for Imbaúbas, and twenty for: Água Suja Encosta, Água Suja baixada, Cajá Encosta, Cajá baixada and Carlos Hosken Encosta. The undisturbed soil samples of the projects Buriti, Dourado and São Leonardo were collected in the dry season and of the projects Aeroporto, Água Suja baixada, Água Suja Encosta, Cajá Baixada, Cajá Encosta, Carlos Hosken and Imbaúbas in the rainy season. Soil sampling was performed at this depth due to its highest penetration resistance.
These undisturbed soil samples were initially saturated in a tray with water up to 2/3 of the sample height for 24 hours and air dried in laboratory until the moisture content was in the range of 0.02 to 0.69 kg kg -1 and then used in the uniaxial compression test (Bowles, 1986) . For the uniaxial compression tests the undisturbed soil samples were kept within the coring cylinders, which were placed into the compression cell and subsequently subjected to pressures 25, 50, 100, 200, 400, 800 and 1.600 kPa. Each pressure was applied until 90% of the maximum deformation was reached and then the pressure was increased to the next level. The 90% of maximum deformation was determined by drawing a straight line through the data points of the initial part of the curve obtained when dial readings were plotted versus square root of the time, until this line intercepts the y axis (dial readings). A second straight line was drawn from this intersection with all abscissas 1.15 time as large as corresponding values on the first line. The intersection of this second line and the laboratory curve is the point corresponding to 90% consolidation (Taylor, 1948) . From the soil compression curves the preconsolidation pressures (σ p ) were determined as a function of the moisture content (U) (Dias Junior & Pierce, 1995) . Then, the regression analyses were accomplished using the software Sigma Plot 4.0 (Jandel Scientific) to obtain the bearing capacity model, which is the adjustment of σ p as a function of U. After that the comparison of the regression equations was made using the procedure described in Snedecor & Cochran (1989) .
After harvest operations and wood transport
To quantify the traffic effect due to harvest operations and wood transport on σ p , undisturbed soil samples of the same size as before were collected at Table 2 , and submitted to the uniaxial compression test as made previously (Bowles, 1986 ) with the moisture content at which the soil samples were collected (Table 3 ). The undisturbed soil samples were involved in plastic, coated with paraffin and then stored at room temperature. After the completion of the uniaxial compression test, σ p was obtained according Dias Junior & Pierce (1995) and the moisture content according Gardner (1986) , and plotted as shown in Figure 2 . Table 3 -Moisture content at which the soil samples were collected in a Typic Acrustox at the 0.10-0.125 m depth after harvest operations and wood transport. 
RESULTS AND DISCUSSION
The harvest operations accomplished at the rainy season caused more increases in the initial soil bulk density than those accomplished in the dry season, mainly in the wood processing areas during 2001 and 2003 (Table 4 and 5) indicating the importance of the moisture control at the time of the harvest operations.
The undisturbed soil samples collected before harvest operations were used to obtain the bearing capacity model of the Typic Acrustox which was of the type σ p = 10 (a + b U) , with R 2 significant at 1%. The estimated "a" and "b" values varied from 2.65 to 2.84, and from -1.03 to -2.76, respectively (Table 6 ). The type of equations was the same as Dias Junior (1994) and Dias Junior & Pierce (1996) .
The homogeneity tests of the equations (Snedecor & Cochran, 1989) indicated that there were two homogeneous data groups. For the data of homogeneous models, a new equation was adjusted for (U, σ p ), obtaining only one equation of σ p as a function of U (Table 6) for each group. The two final equations, which are the bearing capacity models of the Typic Acrustox, are shown in Figure 1 and Table 7 . Equation 1was used to evaluate the traffic effects on the Buriti, Dourado, São Leonardo, Imbaúbas and Carlos Hosken soils, and equation 2 was Table 4 Dsi Dst used for Água Suja encosta, Água Suja baixada, Cajá encosta and Cajá baixada. In agriculture, the application of pressures larger than the largest pressure applied previously to the soil should be avoided in order to eliminate additional soil compaction (Gupta et al., 1989; Lebert & Horn, 1991; Imhoff et al., 2001) . Considering that the preconsolidation pressure is an indicative of the maximum applied pressure to the soil in the past (Holtz & Kovacs, 1981; Dias Junior, 1994) , Figure 1 was then divided into three regions to evaluate the traffic effects according to Dias Junior (2003) . The considered regions (Figure 2 ) are: a) the region where the preconsolidation pressure values determined after the traffic are larger than the higher limit of the confidence interval, being considered as the region with additional soil compaction; b) the region where preconsolidation pressures determined after the traffic are between the higher and lower limits of the confidence intervals. Although, the soil samples in this region did not suffer soil compaction, this region indicates the soil samples that might suffer soil compaction in the next harvest operations if the applied pressures are larger than the higher limit of the confidence interval, and c) a region where the preconsolidation pressure values determined after the traffic are smaller than the lower limit of the confidence interval.
According to the equation σ p = 10 (2.71 -1.26 U) , the operations accomplished with Feller Büncher and Skidder with tires 66.43.00.26 in the dry season of 1999 (Table  8 ) presented in average a slight percentage of soil samples (8.3%) with larger preconsolidation pressure values determined after the traffic in the region with additional soil compaction, in relation to the Feller Büncher and Skidder with tires 30.5L.32 (2.7%) and Harvester and Forwarder (5.7%). The low percentages can be explained by the fact that in the dry season the soil presents a higher resistance to compression and higher bearing capacity and therefore, the soil compaction processes were not evident (Dias Junior, 2000) . However, in the Dourado Project, those machine groups caused greater soil compaction than in the Buritis and São Leonardo Projects, indicating that changes in the harvest operation strategy should be considered.
In the rainy season, the operations accomplished with Harvester and Forwarder (Table 9) were the ones that presented larger percentage of soil samples (33.5%) with preconsolidation pressure values determined after the traffic in the region with additional soil compaction, followed by the Processing Area (18.9%), being therefore, those operations the ones that caused greater soil compaction. The Aeroporto Project presented the highest percentage of soil samples (58%) with preconsolidation pressure values in the region with additional soil compaction ( Table  9) . Although the operations made with Harvester and Forwarder caused greater soil compaction in the rainy season, one might consider that the traffic with those machines is spatially restricted avoiding, therefore, the dissemination of the soil compaction in the whole area.
On Dsi Dst Table 6 -Parameters of the bearing capacity model (σ p = 10 (a + b U) ), with respective determination coefficients (R 2 ), and number of undisturbed soil samples (n) collected at 0.10-0.125 cm depth in a Typic Acrustox, before harvest operations and comparison of those models (F) according to Snedecor & Cochran (1989) . where the preconsolidation pressure values determined after the traffic are between the higher and lower limits of the confidence intervals (Tables 8 and 9 ). This region is important because it shows the possibility of soil compaction to occur in the next mechanized operation, if the bearing capacity and the appropriated soil moisture content are not considered in operation planning.
In addition, the operations accomplished in 1999 with the Feller Büncher and Skidder with tires 30.5L.32 (14%), and with Harvest and Forwarder (14%) Imbaúbas  87  80  87  100  81  80  ----84  60  Aeroporto  91  60  42  60  65  100  ----84  80  Água Suja Encosta  100  100  --75  100  100 100  100  100  75  80  Água Suja Baixada  100  80  --100  80  100 100  --75  100  Cajá Encosta  100  80  --100  80  100 100  100  100  100  -Cajá Baixada  100  80  --100  80  100 100  100  60  50 ues, determined after the traffic, smaller than the lower limit of the confidence interval (Tables 8 and 9 ), being these operations the ones that caused less soil compaction.
Considering that a reduction in the preconsolidation pressure values is an indicator of soil structure recover (Dias Junior, 2003) , the preconsolidation pressures were then measured in 2003 in the soil samples collected at the same sites as they were collected in 1999, 2000 and 2001, to verify whether there was some natural recover of the soil structure indicated by a decrease in the percentage of soil samples with preconsolidation pressure values in the region with additional soil compaction or an increase in a percentage of soil samples with preconsolidation pressure values in the region where the preconsolidation pressure values determined after the traffic are smaller than the lower limit of the confidence interval. The preconsolidation pressure values measured in 2003 indicated that a natural recovery of the soil structure happened for all harvest operations made in the dry season and in the rainy season for the Harvester and Forwarder, Motorized Saw and Forwarder and Processing Area. This interpretation was applied for the regarded soil depth of 0.1-0.125 m, which is very close to the soil surface. For deeper layers, one should be aware of the crushing of aggregates by compaction that can lead to a reduction of the preconsolidation pressure, which cannot be regarded as a structural recovery process.
Finally, the results obtained for the operations in the dry and rainy seasons might serve as an alert on the importance of knowing the soil bearing capacity at a specific moisture condition, in order to avoid soil compaction, mainly, when the harvest operations are accomplished in the rainy season. Thus, this model may be used as an auxiliary criterion in planning the harvest operations according to the soil bearing capacity which can be done by scheduling the operations or reducing the applied mechanical loads.
CONCLUSIONS
The traffic effects on the preconsolidation pressure in the dry season indicated that the soil compaction process was neither evident nor important.
The traffic effects on the preconsolidation pressure in the rainy season indicated that operations made with Harvester and Forwarder caused greater soil compaction, while the operations performed with Motorized Saw and Manual caused less soil compaction.
